Abstract-The transport properties of zigzag graphene nanoribbons (ZGNRs) with different patterns of vacancies are investigated by using density functional theory and nonequilibrium Green's function (NEGF) formalism. It is found that the transport properties are different with a different lattice type vacancy (A-type or B-type vacancy). The conductance of ZGNRs is more sensitive to an interior vacancy than an edge vacancy. More importantly, the pattern of interior vacancies has enormous influence on the electron transport around the Femi energy. As hexagon carbons are removed, the ZGNRs transform from metallic to semiconducting. Thus one can tune the electron properties of ZGNRs by patterning vacancies.
I. INTRODUCTION
Graphene nanoribbons(GNRs) have attracted increasing attention, due to inducing electron gaps by the lateral quantum confinement of graphene sheets. Recent studies [1] [2] [3] have shown that zigzag GNRs are all metallic, while armchair GNRs can be metallic or semiconducting depending on their width. Besides edge structure and width, defects impact transport properties of GNRs significantly. When nanoribbons are fabricated experimentally, they will have some structural defects. Vacancy defects are among the most probable ones, which can be experimentally identified by imaging [4] .Many attentions have been concentrated on vacancies at edges [5] [6] [7] , and a single interior vacancy [8] [9] [10] , while the study about the effect of different patterns interior vacancies on the transport properties of GNRs is relatively spare. Rosales et al. investigated transport properties of antidote superlattices of armchair GNRs [11] .
In this paper, the effect of a single vacancy both at the edges and within the interior on the transport of ZGNRs have been firstly studied, it is found that a single vacancy will induce quasi-localized states, consequently causing zero-transmission dips. And the electron transport is sensitive to the position of the vacancy. Then the effect of different patterns of interior vacancies on the transport in ZGNRs has been mainly investigated. When there is a hexagon-type vacancy in ZGNRs, a transport gap is induced. ZGNRs change from metallic to semiconducting. Therefore, it is a novel method to tune the electron properties of ZGNRs by patterning vacancies.
II. MODEL AND METHOD
The ZGNR two-probe system we study is illustrated in Fig.1 .Intrinsically there are two types of basic site in the graphene lattice: namely type A and type B (see Fig.1 ). The vacancy defects can appear in the site of an atom of type A or type B. Recent theoretical modeling and calculations have indicated that the edge passivation has a strong effect on the electronic and spinpolarized properties of GNRs [12] [13] [14] , so we investigate naked vacancies here.
The electronic transport properties of the systems are calculated by a fully self-consistent NEGF formalism combined with first-principles DFT [15, 16] . The transmission function about the Feimi energy at zero-bias is calculated. The conductance of ZGNRs can be calculated using the Landauer formula
where ) (E T is the transmission coefficient, which can be calculated by (1). 
III. RESULTS AND DISCUSSIONS
A single vacancy in the ZGNR both at type-A and type-B sites are studied firstly (see Fig.2 ). Fig.2 (a) shows the transport spectrum of the ZGNR with an A-type vacancy located at different width of the ribbon. Fig.2 (b) shows the same results for the B-type vacancy. Defect-free ZGNR has a transmission peak at Femi level, and the transmission coefficient is 3, indicating there are three quantum channels. Transmission platforms appear at the two sides of the peak (from -2 to 2eV). With the increase of the energy, transmission coefficient presents integer multiplication, indicating the electron channel will increase when energy reaches a certain value. In the presence of a vacancy, the transport properties decrease and system disorder increases.
A transmission dip appears between -2 and 2eV. The . When a vacancy exists at edges, the transport properties are the same. There are two sharp transmission dips close to the first subband edges, whatever it's an A-type or B-type vacancy, as shown in Fig.2(c) . Fig.2 (d) and Fig.2  (e) show the conductance of the ribbon with an interior vacancy and edge vacancy at different temperatures. The interior vacancy has more serious impact on the conductance than an edge vacancy. The conductance of the ribbon with an interior vacancy is higher than all the edge vacancy above 1000K. The effect of different patterns of two interior vacancies on the transport in ZGNRs is then investigated. In Fig.3 , different patterns have been considered. It's found that the transport properties are different with the different patterns of the same number of vacancies. Two B-type vacancies impact on the conductance slightly, but A-type-B-type vacancies have the greatest impact on the conductance.
When the number of vacancies increases, it's found that the ZGNR changes from metallic to semiconducting, as shown in Fig.4 . When there are six or seven vacancies in the ribbon, a transport gap is induced (we just plot typical curves considering confusion). The conductance increases with temperatures. Therefore, we study which patterns make the ZGNR change to semiconducting in detail. In Fig.5 , we demonstrate different patterns of six vacancies. When hexagon-carbons have been removed, a transmission gap is induced, indicated by the blue line as shown in Fig.5 (a) . In Fig.5 (b) , the conductance increases with the temperatures, indicating that the electronic property of the ribbon changes from metallic to semiconducting. Seven vacancies also show the same conclusion. 
IV. CONCLUSIONS
Previous work has indicated that graphene is a fantastic material that can display people desired electrical properties through the fabrication of geometry configuration. However, all these methods are to tailor graphene into nanoribbons. In this paper, it has been demonstrated that one can tune the electronic properties of ZGNRs by patterning vacancies. Thus, many defects caused by cutting can be avoided and most of graphene can be left instead of being removed to form a nanoribbon. Theoretical simulation results show that when hexagon-carbons have been removed, the electronic property of the ZGNRs changes from metallic to semiconducting. In addition, it's found that the transport properties are different with a different lattice type vacancy, and the conductance of ZGNRs is more sensitive to an interior vacancy than an edge vacancy. 
